Directional solidification of eutectic alloys is a promising technique for producing m-situ composite materials exhibiting a balance of properties. Consequently, the microstructure, creep strength and fracture toughness of directionally solidified NiAI NiAITa alloys were investigated. Directional solidification was performed by containerless processing techniques to minimize alloy contamination• The eutectic composition was found to be NiAI 15.5 at"/,, Ta and well-aligned microstructures were produced at this composition.
In addition, eutectic microstructures are possible within the NiAI-NiA1Nb
and NiAI NiAITa systems allowing for in-situ composite studies. Whittenberger et al. have found that the creep strength of the NiA1 NiA1Nb eutectic is extremely sensitive to microstructure and processing conditions. 14 By directional solidification of this eutectic, an order of magnitude increase in creep resistance was measured compared to materials processed using a casting and extrusion procedure.
Unfortunately, the creep strength of the NiAI NiAINb alloys is still less than that of most nickel-based superalloys. 14 Phase equilibria in the NiAI NiAITa system are not very precisely defined. _5_6 Nevertheless, based on Sauthoff's work 12,13with polycrystalline materials, directionally solidified alloys from this system may display better strengths than NiAI-NiAINb alloys. Therefore, the purpose of this study was to characterize the effects of containerless processing on the microstructure, the elevated temperature strength, and the room temperature fracture toughness of in-situ composites based on the NiA1-NiA1Ta system.
PROCESSING AND MATERIALS

Arc-melted ingots
A series of alloys containing high purity Ni, AI, and Ta were arc-melted using a non-consumable tungsten electrode in order to identify promising microstructures for subsequent in-situ composite studies. Each button, weighing approximately 12 g, was melted at least five times and flipped over between each melting to promote homogeneity.
The arc-melted ingots were then metallographically examined.
From this survey study, a neareutectic alloy of (in atomic percent) was chosen for further investigation. The 1-kg charges were chill cast into a copper mold. After removal of the hot-top, the precursor ingots were nominally 25 mm in diameter and 300 mm in length. The ingots were then directionally solidified in the containerless mode by the electromagnetically-levitated zone process in ultra-pure helium atmospheres.
Directional solidification
Containerless processing offers the advantage of enhanced purity by eliminating alloy contamination from crucible materials while simultaneously zonepurifying the initial ingot material. The crucible is eliminated by using induction power to heat, levitate, and constrain the liquid zone. Directional solidification is then accomplished by moving the liquid zone through the length of the ingot by physically traversing the ingot through the induction coil. A schematic of the levitated molten zone is shown in Fig. 1 . Without crucible containment, precise dimensional control of the fYeezing ingot requires that the shape and position of the molten zone within the induction coils be controlled. The control variables are the position of the solid liquid interface and the liquid zone diameter (melt diameter). Current practice allows ingots to be processed under full computer control independent of any temperature measurement, tT,_ Computer control is accomplished by using a digitizing camera to capture an image of the molten zone. The location of the solid liquid interface is then found and held to a target position by controlling the induced power. The shape of the zone is controlled by maintaining a constant melt diameter by a stretch squeeze action on the liquid, ( Fig. 1 ). Both the interface position and the melt diameter are held to their target values by proportional, integral control loops. While not a control variable, the temperature near the solid liquid interface is measured using an infrared pyrometer and recorded as a function of run time for all melts.
An as-processed NiAI 14.5Ta ingot and the corresponding melt record are shown in Fig. 2 . The data in Fig. 2 represents the first attempt to process this material. Computer control was initiated at about 3000 s. From Fig. 2 , a constant melt diameter was maintained by a stretchsqueeze action on the liquid zone. Similarly, the position of the soliddiquid interface was controlled by varying the induced power. However, an oscillation in the interface position ( Fig. 2(c) ) created an unusually rough surface for the processed ingot, Fig. 2(d) ). The oscillation of the interface position was caused by the target value for the melt diameter being too large. This created an unstable situation where the diameter of the freezing ingot was larger than that of the unprocessed section.
To allow for volume expansion upon melting, a gap is left between the upper and lower portions of the ingot during initial heating. If the spacing of the gap is too small, a portion of the molten zone may spill over the edge of the solid liquid interface before a stable zone can be established creating too large a base. The tendency for the liquid zone to spill during the initial heating was a common problem for all the NiAI NiAITa alloys processed. However, good dimensional control was obtained for all the other directionally solidified NiAI NiAITa ingots by decreasing the freezing diameter manually before initiating computer control.
EXPERIMENTAL PROCEDURES
Compression testing
Cylindrical compression specimens were electrical discharge machined from selected ingots. The samples were 5 mm in diameter by 10 mm in length, with the compression axis parallel to the growth direction of the crystal. Mechanical properties were generated under both constant velocity conditions in a screw driven universal machine and under constant load conditions in lever-arm creep machines at temperatures between 1200 and 1400 K. Constant velocity experiments were used to determine the behavior at fast strain rates (> 10 v s t) while constant load testing was employed for slower rates. Overlapping steady state stress strain rate data from the two techniques indicated excellent correlation between constant load and constant rate tests. All testing was perfommd in air as a secondary check for environmental resistance under load. The samples were heat treated in air at 1000 K for 7.2 ks (2 h) and either air cooled, oil quenched, or water quenched.
Flexure testing
After heat treatment, the samples were notched and the room temperature fracture toughness was determined. Finally, the fracture surfaces of the bend specimens were examined using secondary electron imaging.
Materials characterization
Transmission electron microscopy (TEM) was used to further characterize the microstructure of the directionally solidified NiA1 NiA1Ta eutectic. Thin slices were taken from broken bend specimens using a low speed diamond saw. Thinning was performed by grinding, followed by twinjet electropolishing in a solution of 5 vol% perchloric acid 95 vol% acetic acid at 40 volts and 300 K.
MICROSTRUCTURES
Fully coupled microstructures consisting of NiA1 and NiAITa occurred in arc-melted ingots of NiAI containing 14-16 at% tantalum.
These microstructures consisted entirely of the eutectic NiAI NiA1Ta and contained no single phase dendrites, Fig. 4 in Fig. 6 . The eutectic temperature was found to be near 1820 K by differential thermal analysis (DTA).
The volume fractions of the two phases were estimated at 53% NiAI and 47% NiAITa from SEM photomicrographs at 4000×. The composition of the individual eutectic constituent for the slowly cooled directionally, solidified NiAI 15.5Ta ingot was 50.5 AI, 48-5Ni and 1.0Ta for the NiAI phase and 34-0A1, 36.0Ni, 30.0Ta for the NiAITa Laves phase as determined by quantitative X-ray analysis. A <!00> growth direction was found for the NiAI phase by selected area diffraction patterns. No definite crystallographic relationship could be determined for the NiAITa phase.
The arc-melted versus directionally solidified microstructures were different for the NiA! 14.5Ta alloy as shown by Figs 4 and 5. The microstructure for the arc-melted ingot was essentially eutectic while the directionally solidified ingot contained dendrites of NiAI. However, higher solidification rates and undercoolings are produced by the water cooled hearth during arc-melting compared to containerless solidification.
Consequently, the difference in the arc-melted and directionally solidified microstructures suggests, that for rapid solidification rates, the coupled growth region is skewed towards lower tantalum contents at moderate undercoolings. In an attempt to produce a more aligned microstructure in the NiAI 14.5Ta alloy, a cooling jacket 
14.5Ta
alloy exhibits a very consistent power law behavior over the strain rates and temperatures investigated.
In Fig. 8 Conversely, the 1300 K compressive strength of the NiA! 15.5Ta eutectic alloy is comparable to that of the nickel-based superalloy as shown in Fig. 8 . While the data for the NiA1 15-5Ta alloy is limited to only 1300 K tests, the data does represent a modest improvement in creep resistance due to a modification of the microstructure. The improvement in strength is likely due to a refinement in microstructure for the fully eutectic alloy and the elimination of the large NiAI dendrites. The lamellar spacing of the eutectic microstructure was measured at 2 3 _m from SEM and TEM photomicrographs. This is much finer than the phase distribution found in the NiAI 14.5Ta alloy ( Fig. 5(b) ).
ROOM TEMPERATURE TOUGHNESS
The NiA! NiAITa alloys exhibit brittle behavior at room temperature with a fracture toughness of approximately 5 MPaV_m. However, this is not considerably different from typical toughness values reported for single crystal or polycrystalline NiAI materials/A total of nine fracture toughness specimens were tested. Three fracture specimens were tested in the as-processed condition.
The remaining specimens were heat treated at 1000 K for 7.2 ks (2 h) and then either air cooled, oil quenched, or water quenched.
The results of all these tests are summarized in Table 3 . Fig. 9 . The eutectic microstructure is notably visible from the fracture surface as a result of partial debonding between phases during fracture.
Further evidence of this fracture behavior is shown in Fig. 10 . A section of the directionally solidified NiAI 14-5Ta ingot was polished and then broken with the polished surface in tension. The resulting fracture profile reveals a series of microcracks in the Laves phase with the NiA1 phase bridging the crack path. In addition, cracking is also visible along the NiAI/NiAITa phase boundaries. to NiAI refractory metal eutectics such as a NiA! Cr and NiA1 (Cr, Mo), which exhibit eutectic spacings of less than 1 /._m. 7 As the eutectic spacing was relatively coarse even for the quickly cooled, arc-melted NiAI NiAITa alloy ( Fig. 4) , lamellar spacing is probably not a strong function of processing conditions. Hence further significant strengthening of the NiAI NiAITa eutectic alloy is not expected at greater solidification rates. One method to further improve the strength of the NiA1 NiAITa alloys may simply be to improve the strength of the NiAI phase. Promising strengths have been found for two phase material consisting of NiAl and the Heusler precipitate Ni_AITa. g Hence, alloys heat treated in the three phase region shown in Fig. 13 may show improved strengths.
For example, an arc-melted ingot with the composition near-the NiAI-NiAITa liquidus trough (indicated by the x in Fig. 13 ) lies well within the NiAI-Ni2AITa-NiAITa region on the 1753 K isotherm.
The cast microstructure of this alloy ( Fig. 14) consists mainly of NiA1 NiA1Ta dendrites surrounded by an interdendritic Heusler phase, Ni2AITa.
Post-processing heat treatments of this alloy should produce precipitates of the Heusler phase within the NiA1 phase. Alloys with compositions closer to the NiAI NiAITa eutectic should contain smaller percentages of the interdendritic Heusler phase. Hence, it may by possible to produce aligned NiA1-NiA1Ta microstructures with NiAI strengthened by the precipitates of the Ni2AITa phase.
While the NiA! NiAITa alloys show promising creep strengths, the room temperature fracture toughness of these alloys is poor. One scheme for improving the toughness is to include a metallic phase within the NiA! NiAITa microstructure. From Fig. 12 , it is evident that the NiAI-Cr and the NiAI-(Cr,Mo) alloys have a much higher fracture toughness than the NiAI-Laves phase alloys. 7 Furthermore, a ternary eutectic exits between the NiA1, NiAITa, and Cr phases[ 6 as shown in Fig.  15 . Fracture toughness and elevated temperature strength data for this ternary eutectic fall somewhere in between those of the separate binary eutectics. :v Since NiAI NiAITa, and Cr are all 
